Abstract. We demonstrate a general and efficient informational cooling technique for atoms that is an experimental realization of a one-dimensional Maxwell's demon. The technique transfers atoms from a magnetic trap into an optical trap via a single spontaneous Raman transition that is discriminatively driven near each atom's classical turning point. In this way, nearly all of the atomic ensemble's kinetic energy in one dimension is removed. We develop a simple analytical model to predict the efficiency of transfer between the traps and provide evidence that the performance is limited only by particle dynamics in the magnetic trap. Transfer efficiencies up to 2.2% are reported. We show that efficiency can be traded for phase-space compression, and we report compression up to a factor of 350. Our results represent a 15-fold improvement over our previous demonstration of the cooling technique.
Figure 1. (a) Maxwell's demon operates a trapdoor between two compartments
A and B. By allowing one-way passage of atoms from B to A, the atoms are compressed without expenditure of work. (b) Schematic of single-photon cooling in a three-level system. Magnetically trapped atoms in state |i are optically pumped via excited state |e into a non-magnetic state | f near their classical turning points. Potentials are drawn (not to scale) as a function of the vertical coordinate z, with gravity pointing to the left.
Introduction
The intrinsic connection between information and thermodynamic entropy was first recognized by Leo Szilard in a landmark paper in 1929 [1] and has since become a cornerstone of modern information science [2] - [5] . Szilard introduced this concept to resolve the apparent violation of the second law of thermodynamics in a thought experiment known as Maxwell's demon [6] . A key prediction was that information can be used to reduce the entropy of a gas of particles. Indeed, measurement and feedback is the basis for stochastic cooling in accelerator rings [7, 8] . However, the available information radiated by the charged particles in the ring is enormous compared with the tiny fraction of information that is actually collected and used for cooling.
Recently, we proposed the concept of a one-way wall for atoms and molecules and showed how it can be used for cooling [9] - [11] . In parallel, an atom diode operating in a similar fashion was independently proposed without application to cooling [12] . Such a one-way wall was directly demonstrated in a proof-of-principle experiment [13] . Our group used these principles to accumulate atoms from a magnetic trap into an optical trap, and we reported cooling and phase-space compression [14] . We call this method 'single-photon cooling' because each atom scatters only one photon on average for a nearly complete reduction of kinetic energy in one dimension.
The operation of a one-way wall for cooling atoms can be understood as a straightforward realization of Maxwell's demon. In the traditional picture, figure 1(a) , the demon operates a trapdoor between two compartments of atoms, A and B. Without expending any work, the demon may lower the entropy of the entire system by observing the atoms and allowing the hottest atoms to pass from A to B, and the coldest from B to A. Similarly, if all of the atoms were initially in B, the demon could lower the entropy of the system by allowing one-way passage from B to A, the smaller compartment. It is clear that the demon must measure each atom's position to effectively operate the trapdoor, and it is in this nuance that the second law is saved. The informational entropy associated with these measurements compensates for the reduction of thermodynamic entropy.
Our implementation of single-photon cooling is completely analogous to this demon. A schematic is shown in figure 1(b) . Consider a non-interacting ensemble initially in a lowfield-seeking magnetic state |i . The one-dimensional magnetic central potential holding these atoms constitutes B. Atoms are irreversibly transferred by our demon to A, a gravito-optical trap [15] , which is located to the left of (below) B. The demon in this case is simply a focused pump beam that transfers the atoms from |i to | f through a spontaneous Raman transition. This beam is positioned near the classical turning points of the ensemble's most energetic atoms, and the magnetic potential is slowly ramped off. This ensures that each atom is pumped near the turning point of its trajectory, where its kinetic energy vanishes. The demon thus discriminates the slowest atoms from the rest of the ensemble and releases this informational entropy in the form of a single photon scattered from the pump beam. Should the atom decay to a final state | f with weaker or opposite magnetic coupling, the potential landscape is altered and a trapped state is produced in the gravito-optical trap. The net result after the pump beam has encountered the entire ensemble is both a reduction in temperature and an increase in density at the 'cost' of a single photon recoil per atom.
One of the key questions regarding the cooling process pertains to efficiency. One aspect is the efficiency of information entropy used to cool. We showed, in a conceptual paper, that singlephoton cooling is maximally efficient in the sense that the entropy increase of the radiation field as each photon is scattered is equal to the entropy reduction of the atoms as they are captured [16] . In this article, we focus on a more utilitarian aspect of efficiency: the fraction of atoms cooled and transferred from the magnetic trap into the optical trap.
Experimental implementation
We have implemented this general method of informational cooling for 87 Rb in a threedimensional quadrupole magnetic trap. The trap is initially populated with atoms in the 5 2 S 1/2 (F = 2) hyperfine manifold, with approximately 70% in the |F = 2, m F = 2 state and the remaining in the |F = 2, m F = 1 state. We experimentally vary the number N B and the temperature T B of atoms in the magnetic trap, but typical values are N B ≈ 5 × 10 7 atoms and T B ≈ 40 µK. Figure 2 illustrates the configuration of our 'demon' and gravito-optical trap. A pump beam, detuned 35 MHz below the 5 2 S 1/2 (F = 2) → 5 2 P 3/2 (F = 1) transition, is tightly focused inside an 'optical trough'. The trough is formed by two Gaussian laser sheets crossed in a 'V' shape and propagating along the x-axis. These sheets are orthogonally intersected by two parallel vertical sheets propagating along the y-axis, which complete the three-dimensional trapping potential. All sheets are derived from a single-mode 10 W laser at λ = 532 nm and create a repulsive potential for atoms in both the F = 1 and 2 ground state manifolds. The length of our trough along x is 110 µm and the three-dimensional trapping depth is approximately 10 µK. We note that single-photon cooling can be carried out with a variety of dipole trap geometries including an attractive crossed dipole trap [11] and a fully enclosed repulsive optical box [14] .
We initiate the cooling procedure by adiabatically lowering the magnetic trapping potential. The field is ramped off linearly in time t ramp , which is on the order of 1 s. During this ramp, the atomic cloud expands and the classical turning point of each atom (in the vertical dimension) approaches the demon, which is positioned at a fixed distance below the magnetic trap center. To ensure that each atom interacts with the pump beam near its turning point, the adiabaticity condition τ B /t ramp 1 must be satisfied, where τ B is the average oscillation period in the magnetic trap.
The pump beam drives a spontaneous Raman transition by exciting the magnetically trapped atoms to the 5 2 P 3/2 (F = 1) manifold. From here, the majority of the atoms spontaneously decay to the F = 1 ground state manifold where they are no longer resonant with the beam. Roughly, 16% decay back to the F = 2 manifold and are subsequently repumped. Because all projections in the F = 1 manifold (m F = −1, 0, 1) couple more weakly to the magnetic field than the initial |F = 2, m F = 2 state, they could in principle all be trapped. However, the branching ratios give rise to a final population that is predominantly in the m F = 0, 1 sublevels.
Information about the final distribution of atoms is obtained through absorption imaging. After the cooling sequence, all magnetic and optical fields are switched off and a resonant probe beam propagating along the z-axis illuminates the atoms for 200 µs. The beam is then imaged on a charge-coupled device camera. A variable delay between the field switch-off and the probe illumination allows us to determine the temperature through the time-of-flight method. reflects energy gained by atoms in free fall. For h p > 100 µm, the additional energy increases the loss rate from the optical trough. For h p < 100 µm spatial overlap of the pump beam and optical trough beams reduces the excitation probability and hence the capture rate. The highest phase-space density is achieved at h p = 41µm.
Cooling efficiency
In order to assess the performance of single-photon cooling, several effects introduced by the geometry of the optical trough should be considered. For example, the height of the pump beam above the trough vertex h p must be strategically set to optimize cooling. Figure 3 shows the effect of h p on both the vertical temperature T
(z)
O and the number N O of atoms captured in the optical trough. To acquire these data, we image the atoms before they have time to thermalize in the trough. Thus, T
O is not an isotropic equilibrium temperature in a thermodynamic sense; rather, it is a measure of the velocity distribution in the vertical dimension. The positive slope of the temperature curve reflects kinetic energy gained by the atoms in free fall. Atoms decaying to the high-field-seeking state (m F = 1) gain additional energy from the magnetic field gradient. To obtain the coldest sample possible, one should thus minimize h p so that the atoms are pumped near the trough vertex. However, the repulsive trough beams overlap the pump beam for small values of h p , lowering the probability of excitation and thereby decreasing the capture number. Maximizing phase-space density (ρ ∝ nT −3/2 , where n is the atomic density) is accomplished by balancing these two effects. The point corresponding to the highest phase-space density is located at h p = 41 µm.
It is clear that T (z)
O remains significantly above the recoil temperature (362 nK) even for the smallest values of h p . If we were cooling a one-dimensional ensemble, this extra energy could only be attributed to capturing atoms away from their turning points. However, this effect is negligible as the adiabaticity condition is satisfied: τ B /t ramp ≈ 5 × 10 −3
1. Because we are only cooling along the vertical dimension of a three-dimensional magnetic trap, atoms captured in the trough retain energy in the horizontal dimensions. Owing to the geometry of the trough, kinetic energy in the y dimension mixes with the z dimension, accounting for the nonvanishing
To address the question of transfer efficiency from the magnetic trap to the optical trough, we must consider the phase-space distributions of both. If we model the ensembles in both traps with Maxwell-Boltzmann velocity distributions and Gaussian spatial distributions 2 , the maximum transfer efficiency η by loading an optical trap from a magnetic trap through a phase-space conserving process may be written as
where
and T O (T B ) are the number, 1/e radius and temperature of the atoms in the optical (magnetic) trap, respectively. The product index i corresponds to orthogonal axes and allows for trap anisotropy, and we assume (σ
. In a non-interacting ensemble, single-photon cooling compresses one dimension of the magnetic trap completely in both position and momentum space (neglecting a photon recoil). An upper bound on the efficiency is thus given by (1) with the product excluding the compressed vertical dimension:
indicates a thermalized magnetic trap, and σ B ≡ σ
reflects the magnetic trap anisotropy. For a fixed optical trough geometry and depth, η spc follows directly from the initial distributions of the magnetic trap. Furthermore, η spc may be plotted as a function of T B by noting that σ B = σ B (T B ) for a thermalized ensemble 3 . In figure 4 , we compare experimentally measured efficiencies with the predicted upper bound for several magnetic trap temperatures.
The data show fair agreement with (2) below 40 µK, but there is a trend of increasing efficiency (with respect to the model) for higher temperatures. To explain this trend, we note that our derivation of η spc assumes a non-interacting ensemble. The initial trajectories of the ensemble fully determine the dynamics of the cooling process in this case. Only a small fraction of these trajectories, which are represented by (2), will become trapped in the trough. In reality, the atoms in the magnetic trap weakly interact through collisions. The single-particle collision rate in the magnetic trap is given by = N −1 n( r ) 2 σ s v r d r , where N is the total atom number, n( r ) is the atomic density, σ s is the s-wave scattering cross section and v r = √ 16k B T /π m is the mean relative speed in a three-dimensional Boltzmann distribution. The inset in figure 4 shows a monotonically increasing collision rate for increasing magnetic trap temperature. These collisions induce rethermalization of the ensemble, replenishing the trappable trajectories as 2 It should be noted that the magnetic and optical trapping potentials are not harmonic, and thus the assumption of Gaussian spatial distributions for our experiment is an approximation. We maintain this approximation to preserve the simplicity and generality of our expression for the transfer efficiency. We estimate a corresponding error of roughly 15%, which does not affect the conclusions drawn from comparing the model with experimental data. (2) . Circles are experimental data. Above 40 µK, we measure efficiencies that clearly surpass the predicted limit. We attribute this divergence to an increasing collision rate (inset). they are removed from the magnetic trap by the demon. The end result for a weakly interacting ensemble is a higher efficiency than predicted by (2) , which is consistent with the trend in measured efficiencies.
Monte-Carlo simulations for an ensemble of non-interacting particles agree with our model and give additional insight into the timescale of single-photon cooling as well as the relevance of collisional interactions. For initial conditions similar to those in figure 4 , simulations indicate an approximately 20% increase in atom capture by extending t ramp from 1 to 5 s. Extending the ramp time is unadvantageous in practice due to the short lifetime of atoms in the optical trough (τ ≈ 3 s), which we suspect is due to background gas collisions. In light of the sub-optimal ramp time, it may be inferred from figure 4 that elastic collisions in the magnetic trap play a nonnegligible role in the transfer efficiency even at low temperatures. For the measurement at 31 µK, collisional gains compensate almost entirely for the sub-optimal ramp time as well as trap losses.
The maximum transfer efficiency we have measured is 2.2(3)%. It is clear from (2) that the transfer efficiency may be arbitrarily increased by modifying the phase-space overlap of the two traps (e.g. by decreasing the size and temperature of the magnetic trap or increasing the size and depth of the optical trap). One can also use (2) to derive a simple expression for the increase in phase-space density of a non-interacting ensemble:
O ) . For a fixed optical trough geometry, this ratio increases with T B in spite of a corresponding decrease in transfer efficiency.
With initial magnetic trap parameters T B = 53 µK and σ B = 515 µm, we have transferred 3.3 × 10 5 atoms at a temperature of 4.3 µK with 0.3% transfer efficiency. This amounts to a peak phase-space density of 4.9(3) × 10 −4 , which is roughly a 350-fold increase over the 8 phase-space density of the magnetic trap. The phase-space density is calculated for atoms in the non-magnetic |F = 1, m F = 0 state, which accounts for approximately 50% of our final population. This proportion is determined by ejecting the low-and high-field-seeking states from the trough with a large field gradient subsequent to the cooling process.
Outlook
In summary, we have demonstrated a general cooling technique for trapped atoms limited only by the dynamics of the initial trap. We presented an analytical model for the capture efficiency of a non-interacting ensemble and showed that we surpass the limit of the model, likely by means of collisions. Given longer trap lifetimes, these collisions, which facilitate ergodicity, could be exploited to achieve higher phase-space densities and transfer efficiencies. However, we emphasize that although elastic collisions improve the transfer efficiency, they are by no means necessary. The strength of the technique lies in its unrestrictive nature. Because it requires neither a cycling transition nor a scattering cross-section, single-photon cooling can work where other well-established methods fail.
Our technique is particularly promising in light of recent demonstrations with supersonic beams, which have proven the feasibility of producing trapped samples of paramagnetic atoms [17, 18] and molecules [19] - [22] at tens of millikelvins in a simple room-temperature apparatus. The general nature of single-photon cooling makes it an attractive candidate for cooling and trapping these samples in millikelvin-deep optical traps, the vast majority of which cannot be laser cooled with any other existing technique. Indeed, its implementation has even been proposed for molecules [23] , which have been excluded from laser cooling in the past due to complicated energy level structures.
